Open Access Article. Published on 21 December 2022. Downloaded on 2/21/2026 11:25:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Materials
Advances

REVIEW

\ '.) Check for updates ‘

Cite this: Mater. Adv., 2023,
4,747

Received 20th November 2022,
Accepted 19th December 2022

DOI: 10.1039/d2ma01047j

rsc.li/materials-advances

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Recent advances in doped Ge,Sb,Tes thin film
based phase change memories

Neeru Bala,” Bheem Khan,” Kamaljit Singh,® Palwinder Singh,”
Abhinav Pratap Singh (2 < and Anup Thakur (2 *@

Nowadays, chalcogenide-based phase change materials (PCMs) are proving themselves superior in the
category of memory devices due to a combination of their unique set of properties. PCMs have the
capability of reversible switching, which makes them unique among all other existing data storage
devices. Among various existing PCMs, stoichiometric composition Ge,Sb,Tes (GST) is considered as
one of the best compositions on the pseudo-binary tie line of GeTe-Sb,Tes. They can exhibit fast read
and write speeds, high scalability, and better data retention. Despite these commendable advantages,
some key challenges need to be addressed, such as the limited cyclability, high RESET current, and weak
thermal stability. A probable approach to deal with these challenges effectively can be either by varying
GST composition or doping a suitable element in the host lattice. Over the past few years, several types
of dopants have been added to make GST composition applicable for fast processing memory and high-
speed switching devices. The present review briefly summarizes the effect of various dopants on the
various properties of GST thin films. The comprehension of doping-induced properties of GST materials
helps to recognize their technological applicability for desired applications and opens up a window in
the context of new applications.

1 Introduction

The human brain is considered to be the most powerful
memory device to store and recall data." However, because of
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animal hair, scribed or incised tablets, carved or incised bones,
shells, and painted or scraped rocks for storing information.
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In India, palm leaves were used for storing information. Quipu,
an assembly of coloured knotted cotton cords, is considered an
ancient ancestor to the floppy disk.** In this way, memory devices
evolved with more data endurance, flexibility, scalability, and
overwriting capability. The invention of floppy disks and hard
drives is considered a revolution in the data storage industry.
Later, the optical data storage industry with compact discs (CD)
and digital versatile discs (DVD) came into the limelight. Simulta-
neously, the electronic sector introduced devices like flash mem-
ories, memory sticks, and many others. However, these memory
devices were found to be having certain limitations, such as high
power consumption of flash memories and the volatility issue of
random access memories. So, various research groups have
worked in parallel to tackle these challenges effectively.
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In the late 1960s, Dr. S. R. Ovshinsky invented chalcogenide-
based phase change memories from the special class of materials
known as phase change materials.” These materials emerged as a
superior class of data storage devices. Phase change materials
(PCMs) are substances that absorb and release thermal energy
during the process of melting and freezing. These materials
mainly exist in one of the two solid phases, ie., the crystalline
or amorphous phase. As the name suggests, the principle of
working for PCMs is based upon phase switching between the
amorphous and crystalline phase. PCMs exhibit different proper-
ties in amorphous and crystalline phases because of the signifi-
cant difference in their structural arrangement. But still, to realize
their technological applications in data storage devices, these
PCMs need to rapidly switch between these two distinct phases
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along with enough stability.® Also, these PCMs are not limited to
only rewritable memory devices but have applications as optical
switches,”*® light modulators,”'® in thermal storage,"” near-
infrared (NIR) transmission windows,'®' drug delivery,?® image
recording,”"*> etc. The superlattice based on the composition
Ge,Sb,Tes (GST) is a potential candidate for neuromorphic
(brain-inspired) computing which can outperform existing von
Neumann computing.>*

These memories based on PCMs came into the limelight due
to their property of non-volatility and low power consumption.”
They combine the positive aspects of both flash memories and
random access memories. These phase-change memories exhibit
a broad set of properties like fast read/write, good data retention,
high thermal stability, and low power consumption.>* These PCM-
based memories thus serve as a link between non-volatile solid-
state drive (SSD) and volatile dynamic random access memory,
and are thereby on the way to being regarded as “universal
memory”.>® In the past few years, due to the increase in demand
for data storage devices with fast processing speed, the attractive
features of phase change memories have established these as
non-volatile memories and paved the path for their recognition in
the modern technology market.>***” Fig. 1 shows the evolution of
data storage devices with time. Mainly, PCMs belonging to
GeSbTe-based composition find their applicability in various
tunable devices and random access memories due to a significant
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difference in their electrical and optical properties.*** The most
explored compositions are those which belong to the pseudo-
binary tie line of GeTe and Sb,Te;. This binary tie line is named
pseudo because different ternary compositions exist on moving
from one binary composition to another along the tie line.
Ge;Sb,Te,, Ge,Sb,Te;, and Ge,Sb,Tes are a few examples of these
ternary compositions.**** All these exhibit stable and fast
switching between the two phases.*®™® Notably, the composition
GST is extensively studied due to its superior properties,
viz. better thermal stability, good cycling ability, and fast
phase transition speed, and therefore is a prime candidate
for use in non-volatile random access memory.*®**3°™1 Also,
the enhanced demand for miniaturization of data storage
devices, along with fast processing speed and low power
consumption, comes with various bottlenecks. The desire to
meet these standards has always motivated researchers across
the globe to explore the stoichiometric compositions lying
on the pseudo-binary tie line in more detail to improve the
properties. In order to strengthen the properties of GST thin
films, various elements from p-block and d-block were doped in
GST. The incorporation of transition metal (TM) elements
(W,42’43 Cu,44’45 Ti’46749 Zn’so Cr’51 Ag’18,39,52—55 Ru,56 and Ni57)
and p-block elements (Se,*® As,” Sn,*"*° N,°*7%7 C,*57° Ge,””
A1,72’73 0’66,74,75 In,76—78 Ga,79 Sb,80—84 and Si85—90) into the GST
host matrix is reported to significantly tailor its properties

PCMs

Advancements in data storage devices ———>

Hard drives

Floppy disks

v
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Fig. 1 Evolution of data storage devices over a period of time.
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which can find applications in various
applications.

As the switching mechanism is based on the transition
between two distinct phases, it is desired that both phases
possess good stability to perform stable read and write operations.
A low value of melting temperature (T},) of the GST composition
makes it useful in the data storage industry as it will consume low
power for SET and RESET functions. A sufficient contrast provides
better protection against inadvertent errors during the operation
of these devices. GST has the additional benefit of better cycling
ability and high endurance of stored data.’"*>

The present review article attempts to summarise and
systematically present the effect of dopants on various proper-
ties of GST. This systematic study of doped GST reveals a trend
and a connection between different dopants by considering an
entire family of similar materials, which will help to select a
more precise and optimized composition as per the need for
various applications. This review paper will discuss about the
PCMs in brief in Section 2. Furthermore, various compositions
of the GeSbTe alloy as a phase change material are discussed in
Section 3. Section 4 covers the structural arrangement of atoms
in GST in its different phases. To this date, GST-based PCMs
face several challenges, which are discussed in Section 5. The
dopants have a significant effect on the structure and bonding
in GST, the detailed study of which is presented in Section 6.
Similarly, the crucial effects of the dopants on the electrical and
optical properties of GST are discussed in Sections 7 and 8,
respectively. The irradiation effects of different types of ions on
the various properties of pure and doped GST are discussed in
Section 9. Further, Section 10 discusses the different applications
of doped GST due to the alteration in its properties.

technological

2 Phase change materials

PCMs possess different phases depending upon the various
thermodynamic parameters, making them valuable from the
application point of view. PCMs have many applications in
various fields, but these are widely utilized in the industry of
memory devices.”*®> A crucial parameter which decides the
utility of these PCMs in the data storage industry is if they are
made to perform well read and write functions over a practical
temperature range. Among the two basic processes in phase
change, the crystallization process determines the data rate,
whereas the amorphization process decides the power
consumption.®® Switching between phases is induced in these
materials by applying either a laser pulse or a current pulse.
The choice of the pulse depends entirely on the application for
which the PCM is to be used.*®’

Dr S. R. Ovshinsky discovered the reversible switching
mechanism for oxide- and boron-based glasses.” He reported
that the alloys consisting of elements from the III, IV, and V
group combined with Te and As elements also displayed the
reversible switching behaviour but did not show any data
storage effects. Later, the memory effect was observed in the
alloys with low concentrations of arsenic which triggered the
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Fig. 2 Pseudo-binary tie line of GeTe and Sb,Tez with ternary composi-
tions (Ge,Sh,Tes, Ge1Sb,Te,, and Ge SbaTe;) lying between them.>*

80

exploration of these PCMs for data storage applications.” The
breakthrough for PCMs was attained when Yamada et al.®
discovered the range of alloys on the pseudo-binary tie-line
between GeTe and Sb,Te; alloys (indicated in Fig. 2**). This led
to an advanced version of rewritable devices, as these materials
showed a considerable contrast between the two phases. Most
of the compositions of alloys for rewritable devices belong to
the compositions lying on the pseudo-binary tie line.

The first-ever company that introduced a product based on
PCMs was Matsushita Electric (Panasonic Corporation) in 1990,
and the product had 500 MB data storage capacity. These above
findings ushered in the exploration of PCMs in optical memory
devices, reflected in the numerous patents in this domain from
various companies like IBM, Intel, Samsung, and many others.
However, to utilize these PCMs to their maximum potential, the
focus of researchers is now shifting to the understanding
of primary switching mechanisms in PCMs.”" Fig. 3 shows
the basic process of SET and RESET through the process of
annealing (T, < T. < Ty) and quenching (T > Ty,) in these
PCMs respectively.

3 GeSbTe alloy

In the late 1990s, various researchers showed interest in study-
ing the GeTe-Sb,Te; pseudo-binary tie line, as the alloys lying
on this line were expected to exhibit “a facility for rapid
crystallization”, unlike other chalcogenide alloys, which gener-
ally have ““a facility for rapid amorphization”. The compositions
lying on it showed a significant optical contrast, prompting
many researchers to investigate further the compositions lying
on the pseudo-binary tie line for their application in rewritable
memory devices.>* Fig. 4 represents the pseudo-binary phase
diagram and the phase transition temperature of the various
compositions lying on it.?® It is more interesting to know that
the compositions deviating from the tie line showed a much
larger delay in switching between the two phases than those
lying on it.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the RESET state.

The crystallization temperature (T,) increases monotonically as
GeTe content increases along the tie line from the composition
Sb,Te;. Ternary compositions, which lie between the two extreme
binary compositions on the tie-line, exhibit a similar structure
with planar layers under a regular fcc stacking rule: -a-b-c-a-b-c-
which will, in turn, lead to hexagonal lattices. In thermal equili-
brium, Ge,Sb,Tes; has nine cyclic layers: -Te-Sb-Te-Ge-Te-Te-
Ge-Te-Sb-, Ge;Sb,Te, has 21 cyclic layers: -Te-Te-Sb-Sb-Te-Te-
Ge-Te-Te-Sb-Sb-Te-Te-Ge-Te-Te-Sb-Sb-Te-Te-Ge- and Ge,Sb,Te,
has 12 cyclic layers: -Te-Sb-Te-Te-Sb-Te-Ge-Te-Sb-Te-Te-
Sb-.>*%%1%% One of the reasons reported for the rapid phase
transition between the two stable phases is the similarity
between the symmetry of atomic distribution in the rock-salt
structure and the amorphous structure.®*

It is noted that the properties of PCMs changes continuously
on moving along the pseudo-binary tie line from one binary
composition (GeTe) to another binary composition (Sb,Te;).
This is due to the continuous change in the stoichiometric
composition of the alloys lying on the pseudo-binary tie-line.
On moving from GeTe to Sb,Te;, the thermal stability of stored
data, activation energy, glass transition temperature, and melting
point decreases while the crystallization speed increases. This is
attributed to the change in the atomic arrangement of the lattice
due to alteration of composition.'**'%* It is the average coordi-
nation number of atoms in a material that decides its ability to
form an amorphous state. Usually, systems with a coordination
number in the range of 2-3 (preferably 2.45) exhibit an excellent
ability to be amorphous. The binary composition GeTe has a

© 2023 The Author(s). Published by the Royal Society of Chemistry

lower tendency to be in an amorphous state as its coordination
number is 3. On the other hand, the coordination number
of another binary composition of the pseudo-binary tie line,
ie., Sb,Te;, is approximately 2.4, hence forming a stable
amorphous state.'®* In the GeTe system, due to the presence
of excess vacancies, the Fermi level moves to the region of
extended states, so it exhibits metallic behaviour. For the
middle part of the pseudo-binary tie line, vacancy-rich compo-
sitions have the Fermi level in the region of localized states, so
GeSbTe compositions exhibit insulating behaviour.'**'%

Amongst all the compositions present on the pseudo-binary
tie line, the stoichiometric composition GST is extensively
studied due to its fast phase transition speed, reversible switching,
and better data retention ability over a wide temperature
range.”>'°% It has a stable phase contrast between optical
reflectivity and electrical resistivity in both phases. Its high
number of reversible cyclic phase transitions for at least ten years
in non-volatile storage devices and computing applications impas-
sioned many researchers to probe its properties further to
enhance its features."'°

4 Structural properties of Ge,Sb,Tes
thin films
4.1 Compositions lying on the pseudo-binary tie line

The binary composition GeTe is considered as the most facile
composition among the other compositions lying on the

Mater. Adv., 2023, 4, 747-768 | 751
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Fig. 4 The pseudo-binary phase diagram of GeTe-Sb,Tes and the phase
transition temperature of various compositions lying on it. Adapted with
permission from ref. 34. ©1991 American Institute of Physics.

pseudo-binary tie line. This binary composition exhibits the
distorted rock-salt structure or, more specifically, rhombo-
hedral structure with space group R3m."®* In this phase, both
Ge and Te are 6-fold coordinated in a way known as Peierls
distortion."™" 1t is reported by Fons et al''® that at a Curie
temperature of 705 K, the structure of the composition GeTe
changes to the rock-salt structure (Fm3m). But an analysis by
extended X-ray absorption fine structure (EXAFS) and pair-
distribution function revealed that the structure remains the
same at temperatures through the Curie temperature. It is just
that the bonds in the rhombohedral structure become slightly
random after the Curie temperature, so on average, this defor-
mation looks like a rock-salt structure when probed with long-
range average probe techniques such as Bragg diffraction, as
discussed in chapter 46 of the book entitled “Springer hand-
book of electronic and photonic materials”.'** Petrov et al.'**
were first to investigate the structural information of the
compositions based on GeSbTe alloy and introduced the stacking
sequence. Although other types of stacking sequences are also
reported for GST thin films based on models such as the Kooi
model, inverted Petrov model and Ferro model, they are still
under debate. As reported by Li et al.,>® the Kooi model gives the
most stable structure of GST composition, as depicted by density
functional theory. In the Kooi model, the GeTe sublayers are
integrated into the Sb,Te; sublayers, whereas in the Petrov model,
the GeTe sublayers lie outside the Sb,Te; sublayers. In the
inverted Petrov model the sequence is reversed as compared to

752 | Mater. Adv, 2023, 4, 747-768
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the Petrov model, so resulting in additional van der Waals (vdW)
gaps, and in the Ferro model, the GeTe bilayer follows the
ferroelectric sequence.*

GST has a stable hep crystal structure with space group P3m1
and a stacking sequence of Te-Sb-Te-Ge-Te-Te-Ge-Te-Sb-Te
along the c axis as per the Petrov sequence."** It was later found
that the layer consisting of Ge/Sb atoms was involved in the
random occupation of these two elements.’*® Further studies
performed by Yamada et al.'*® on the stoichiometric composi-
tion GST disclosed the metastable rock-salt crystal structure
with space group Fm3m. This phase lies in between the amor-
phous and the stable hcp phase.'®®'% The rocksalt phase
consists of two sublattices: (i) anionic sublattice, which is fully
occupied with Te atoms, and (ii) cationic sublattice, which is
partially occupied with Ge/Sb atoms along with 20% vacancies.""?
Usually, Ge undergoes sp® hybridization, but the situation is
changed when Ge bonds to Te, which is a chalcogen atom. The
outer shell of the Te atom consists of two unpaired and one non-
bonding lone pair; hence it forms two covalent bonds as Ge-Te.
In addition, it also includes a two-electron dative bond with the
empty p-orbital of unhybridized Ge, which is usually indistin-
guishable from covalent bonds, resulting in a coordination num-
ber of 3 for Ge. As the element Sb is incorporated into GeTe, Sb
atoms form two covalent bonds with Te atoms leaving a lone pair
on the Te atoms. It implies that two Sb atoms replace three Ge
atoms leaving one vacant site, which causes the 20% vacancies in
the GST alloy. Hence, Te is 2-fold coordinated when bonded to Sb,
leading to the placement of three Te atoms next to the vacancy,
which enables Te atoms to move quickly or change their direction
with an increase in their bonding with Sb which is discussed by
Kolobov et al. in chapter 46 of the book entitled “Springer hand-
book of electronic and photonic materials”."*® This is why GST films
possess three different structures over a different range of tem-
peratures. Thin films of GST exhibit metastable rock-salt structure
when annealed in the temperature range of 150 °C to 170 °C. On
further increasing the temperature (above 230 °C) their phase
changes to the hep phase.””'%1%°

4.2 Amorphous phase of Ge,Sb,Te; thin films

An understanding of the structural arrangement of atoms in the
amorphous phase of GST is essential to unravel its behaviour
under different thermodynamic conditions. The evaluation of
the structural arrangement of atoms in the lattice is hard to
analyze in the amorphous phase as compared to the crystalline
phase because there are only very few experiments that can
provide information on such a short-range atomic order. Various
researchers have investigated the structural order of atoms in the
amorphous phase, and many are still exploring it with great
enthusiasm in more detail. For the amorphous phase generally,
the structure is probed by using X-ray techniques providing
radial distribution function (RDF)."*” Furthermore, transmission
electron microscopy with electron diffraction is an effective
method for analysing the structure of nanostructured materials
because of its high magnification, which allows individual atoms
to be seen."*®'?° All other compositions of the GeSbTe alloy have
less tendency to form an amorphous state when compared to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Sb,Te;. Since GST lies in the mid of the pseudo-binary tie-line,
its tendency to form an amorphous phase lies between that of
Sb,Te; and GeTe.'® The LETI group (Laboratory of Electronics
Information Technology) in France was the first to report the
local structure of the amorphous phase of GST alloys.”*'*' They
observed that the amorphous phase has shorter bonds than the
crystalline phase. Kolobov et al.** proposed structural models for
the amorphous phase and observed a shortening in the bond
lengths of Ge-Te and Sb-Te along with more local structure
ordering at a shorter range. Despite the shorter bond length,
density for the amorphous phase is 5% lower than that of the
crystalline phase. GST thin films in the amorphous phase were
reported to have homopolar Ge-Ge bonds, which stabilize this
phase and whose fraction is similar to the concentration of
tetrahedral Ge sites.'"®> Among various occurring unexpected or
wrong bonds (bonds which are absent in the widely accepted
model of the metastable cubic structure like Ge-Ge, Sb-Sb, Ge-
Sb, and Te-Te), bonds like Ge-Ge and Ge-Sb were found to be
present in a significant number.'** The amorphization of GST
thin films is due to the jumping of Ge atoms from octahedral to
tetrahedral position, which is popularly known as umbrella flip.**
This flip is one of the possible dynamics for the phase switching
mechanism. There are also other explanations which are still
under debate for the phase change between the amorphous and
the crystalline phase like the Poole-Frenkel mechanism."*® Fig. 5
shows the change in the bonding between Ge and Te atoms, i.e.,
from sp® type to p-type bonding, and the umbrella flip of Ge
atoms. The weaker covalent bonds shown by thin lines rupture
when an intense laser pulse is applied to a crystallized thin film,
leading to umbrella-flip. 1t should be noted that three solid
covalent bonds remain intact during the melting process. This
is why the phase switching is fast and stable in GST alloys.

But to reveal the structural information of the amorphous
phase, a specific technique alone is not sufficient because of
the short-range ordering of the atoms. A simulation study
conducted by Jovari et al'** through Ge K-edge EXAFS also
supported the presence of homopolar Ge-Ge bonds in the
amorphous phase, which was also later endorsed by other
research groups. Furthermore, research on the amorphous
phase of GST showed that unexpected bonds like Sb-Ge and
Ge-Ge were present in a significant number, but bonds like
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Te-Te and Sb-Sb were absent. All GST atoms in this phase obey
the ‘8 — N’ rule for coordination, where N is the number of
valence electrons in the atom.'*

The short-range atomic arrangement can vary significantly
with the method used for thin film deposition. So, for the same
stoichiometric composition, there can be many different amorphous
phases with variable properties. The as-deposited amorphous GST
(a-GST) thin films showed an abundance of homopolar Ge-Ge
and Te-Te bonds when examined with EXAFS and Raman
spectroscopy measurements.''” As calculated from ab initio
molecular dynamics simulations, Ge atoms showed diverse
behaviour in a-GST thin films. Some Ge atoms may sustain
the sp® hybridization with tetrahedral configuration (CN = 4),
while most of the Ge atoms suffer valence alteration when
bonded to Te atoms, which in turn destabilizes the sp® hybri-
dization and promotes p-type bonding among them. This
p-type bonding changes the bond angle around Ge atoms to
90° and the coordination number of Ge and Te atoms to three."**

4.3 Structure of crystalline Ge,Sb,Te; thin films

GST has a rocksalt metastable phase in which one sublattice
consists of 40% Ge, 40% Sb, and 20% vacancies at the cationic
site, and the other sublattice consists of Te atoms at the anionic
site.”* All the phase change alloys possess local distortions to
some extent, and notably, the degree of crystal lattice distortion
depends upon the number of vacancies in the cation sublattice.
Since Ge and Sb are off-centred within idealized Te(GeSb)s,
lattice distortions are more pronounced in GST than in any
other chalcogenide-based compositions. Within an individual
cationic layer, Ge and Sb atoms are randomly distributed.
However, there is still an ordered arrangement among Sb atoms
in the cation layer, which is present next to the vacancy layer,
and Ge atoms are present in the middle of the GST building
units. The degree of vacancy ordering strongly depends upon
the distance between Te-Te atoms.'**

4.4 fcc phase of Ge,Sb,Te; thin films

The phase transition for GST alloys always occurs between the
amorphous and metastable fcc phase. No matter whether the
GeSbTe alloy is Ge rich or Sb rich, the fcc phase always appears
initially before the hcp phase whenever crystallization occurs.

(b)

Fig. 5 (a) The valence alternation process between Ge and Te. In 3D space, the sp* bonds have a tetrahedral shape with a bond angle of 109°, while the p
bonds are perpendicular to each other. The valence alternation changes not only the coordination number of Ge and Te, but also the bond angle around
Ge. Adapted with permission from ref. 101. ©2009 American Physical Society. (b) Fragments of the local structure of GST around Ge atoms in the
crystalline (left) and amorphous (right) states. Adapted with permission from ref. 94. ©2004 Springer Nature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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When T. is increased, first, the metastable fcc phase appears,
then it changes to hcp at higher temperatures. The fec phase
consists of two sublattices: (i) anionic sublattice, fully occupied
with Te atoms, and (ii) cationic sublattice with randomly
occupied Ge and Sb atoms along with 20% vacancies. The ratio
of the vacancy, R,, is approximated by

1—x

Ry=7——,
3—2x

where (1 — x) is the concentration of Sb,Te;, when the compo-
sition is expressed by (GeTe),~(Sb,Tes),_,. Typically, in the case
of GST, where x is equal to 1/3, R, gives the value of 20% at the
cationic site."”* In GST composition, excess of Ge and Sb atoms
instead of occupying vacancies were found to assemble near
grain boundaries.”"** Zhang et al.'® further probed about the
sublattice structure of crystalline GST thin films in detail at the
atomistic level using high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), which reveals
that the brightness of the atomic column is proportional to their
atomic number (Z) as Z°. So, this sophisticated imaging technique
reveals the atomic arrangement of Ge, Sb, and Te atoms and
vacancies in the metastable phase of GST thin films. Fig. 6 shows
the results of HAADF-STEM GST thin films in the fcc phase where
the bright dots represent whole atomic columns along the viewing
direction. The brightness of these dots is approximately propor-
tional to Z* Atomic columns in Fig. 6e and f exhibit two types of
sublattices: one sublattice corresponding to the uniform bright
spots is reported to be due to the heavier Te atoms. Another
sublattice consisting of dark spots is caused by atoms like Ge and
Sb along with vacancies arranged in a random manner,'>"26728

4.5 Hexagonal phase of Ge,Sb,Tes thin films

The stable hexagonal hcp phase forms on annealing GST thin
films above T. for the fcc phase but well below the melting
temperature. This phase of GST consists of alternating blocks
of Ge/Sb and Te layers which are bound together by weak van
der Waals forces.’*®'°° As per the Kooi model, the stable phase
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was observed to have a stacking order of Te-Ge-Te-Sb-Te-Te-
Sb-Te-Ge- in the [0001]-direction. But as this stable structure
has alternating blocks of Sb,Te; and GeTe, the phase transition
actually takes place between the amorphous phase and the
metastable fcc phase of GST thin films.%'0%129130

4.6 Switching in Ge,Sb,Te; thin films

The ability which makes GST thin films unique among all their
counterparts is their fast and stable switching property between
amorphous and crystalline phases. The phase change in these
thin films is very fast (of the order of 50 ns) as compared to
other materials (of the order of 100 ns)."® The phase transition
can be induced by applying any electrical, optical, or laser pulse.
Fig. 7 shows the switching between different phases of GST thin
films. The atoms can easily switch between these phases because
of the isotropic distribution of atoms in the amorphous phase
and its similarity with the lattice in the fcc phase.

Shinji et al.™®' used the reverse Monte-Carlo simulation
technique along with experimental data from synchrotron
radiation XRD. They showed that the presence of an even folded
ring structure in the amorphous phase plays an essential role in the
rapid crystallization as it corresponds well with the crystalline phase
of GST. The factor responsible for the transition from crystalline to
amorphous phase is the rapid quenching time of GST, which is
around 1 ns to 10 ns. In contrast, crystallization of GST requires a
longer time for annealing, ie., around 100 ns.'® The local environ-
ment of the amorphous phase is more ordered than that of the
crystalline phase, albeit over a much shorter distance.

On melting the crystalline thin films, intra-block bonds
become shorter and more robust due to the rupturing of
inter-block bonds (longer Ge-Te and Sb-Te bonds). Ge atoms
change their symmetry position from octahedral to tetrahedral
with phase change from an ordered to a disordered arrange-
ment through the umbrella-flip of Ge atoms.**

Phase transition also involves the change in electronic states,
including the shift of hybridization from p-type to sp® hybridiza-
tion in crystalline to the amorphous phase, respectively. On the
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Fig. 6 Atomistic models and STEM-HAADF images of rocksalt GST. Adapted with permission from ref. 102. ©2016 American Institute of Physics.
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Fig. 7 Schematic diagram of phase transition between different phases of GST. The red, yellow and blue spheres represent Te, Ge, and Sb atoms,
respectively.

other hand, the local environment around Sb atoms remains responsible for faster crystallization.">® Therefore, as the Ge

unchanged during the transition process, accounting for overall concentration decreases on moving along the pseudo-binary tie
structural stability.”* When these two phases were compared, the line from GeTe to Sb,Te;, it is easy to obtain a stable hcp phase

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

following interesting characteristics were discovered: at low temperatures.
1. Both phases are formed by —-Ge(Sb)-Te- alternative rings
with a similarity in their bond angle, and 5 Challenges for Gezsszes thin films

2. The presence of a large number of 4- and 6-fold rings of GeTe
is responsible for the high thermal stability of the amorphous phase.  Despite possessing numerous superior features, stoichiometric
Fig. 8 shows the possible changes in the ring size with phase  composition GST still has several constraints that hinder its use
transition. The pseudo-network formation by Sb-Te bonds is in the data storage industry. These bottlenecks include the high

(cc)

Ge,Sb,Te,

Stage | Stage | Stage I

Fig. 8 Schematic representation of the possible ring size transformation in crystal-liquid—amorphous phase change (record) and amorphous—crystal
phase change (erase) in GST. Stage | and II: recording process in optical storage; stage Ill: erasing process in optical storage. Adapted with permission
from ref. 131. ©2006 American Institute of Physics.
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value of T, high activation energy, and relatively low T.. The
need for fast crystallization speed as well as the good thermal
stability of the amorphous phase seems contradictory, but these
properties are simultaneously desired in modern technology. So,
there is a search for a novel composition of the chalcogenide-
based alloy which can simultaneously preserve these properties.
This need for novel composition provides room for either
tailoring the host lattice or adding dopants from various groups
in this chalcogenide-based alloy composition. To date, many
periodic table elements have been doped in GST thin films to
make it ideal for various applications. To predict the structural
and thermal properties, the knowledge of kinetic parameters is
very crucial. Specific dopants can tune these parameters to
improve the properties of GST thin films. Various elements have
been doped into the host GST composition, among which
p-block and TM elements play a significant role. Understanding
the fundamental physics behind the alteration of various proper-
ties due to doping and annealing is necessary to utilize the
potential of this material to its fullest.

6 Effect of dopants on the structure
and bonding of Ge,Sb,Tes thin films

It is crucial to investigate the effect of several types of dopants
on the structure and bonding of GST thin films so that these
can be grouped according to their effect. When added in low
concentration, doping elements belonging to the TM group do
not restrict the crystallization speed of the host GST material.
In the simulated annealing treatment, it is reported that
TM-doped GST (TM-GST) leads to switching between the amor-
phous and fcc phase by suppressing the stable hcp phase. Also,
analyzing the adopted crystalline models in energy relaxed
mode did not lead to the formation of the hcp phase. Hence,
it can be inferred that the TM dopants inhibit the formation of
the hep phase and hence lead to the single-step crystallization
between the amorphous and fec phase.*** This will be helpful
in reducing the power consumption by lowering the RESET
current. Also, the effect of doping elements belonging to the
p-block has been widely explored to enhance the properties of
the host GST. It is noted that doping of N,'**** C,1** 0,"%¢ etc.
helped in altering the properties of GST thin films to a
considerable extent. Most of these p-block dopants are reported
to strengthen the thermal stability of the amorphous phase of
GST by enhancing the value of T..

6.1 Effect of transition metal dopants

Doping transition metal elements into GST is of extensive
research interest as it imparts remarkable property enhancement
to the host lattice. It is noted that first-row TM elements form
either a tetrahedral or octahedral coordination, therefore affecting
the structural arrangement of the host GST lattice. Doping these
elements in low concentration did not affect the crystallization
rate of host GST thin films as studied by first-principles computer
calculations. Instead, doping suppressed the hep phase by stabi-
lizing the metastable fcc crystalline phase when annealed at a
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temperature much higher than the phase transition temperature
but well below its T;,,. These TM-doped GST thin films acquire a
flexible range of geometries due to the presence of 20% octahedral
vacancies at the cationic sublattice in the metastable fcc phase,
these vacancies cluster themselves to provide larger voids where
doping elements can reside.”” The low-Z transition metal ions
tend to occupy cationic sites, while the high-Z one prefers to
occupy the interstitial sites; the ones in between can occupy both
octahedral and interstitial sites. Hence in the amorphous phase,
among the first-row TM elements, Sc, a low Z element, occupies
the cationic site, whereas elements like Ti, Cr, and Co can occupy
both octahedral and interstitial sites and elements like V and Fe
prefer to settle in the interstitial site. Further, higher Z elements
(Ni, Cu, Zn) take up the interstitial sites and may position
themselves near the grain boundaries.**> Therefore, it can be
inferred that elements present on the right of the TM elements
series prefer to locate near grain boundaries as atomic size
reduces on moving across the period from left to right. Hence,
they tend to accommodate large voids and form complexes with
atoms at the edge of defects.

Various researchers reported a general reduction in the
bond length in doped GST thin films on moving from Sc to
Co as the nuclear charge per electron increases. However, Ni,
Cu and Zn do not exhibit this decreasing trend as they are likely
to have different geometries. Most TM elements prefer to bond
with Te due to their natural inclination towards interstices,
except for Co and Ti, which showed affinity to bond with Ge and
Sb atoms.’”'*”"® From the reported study, it is found that
moving from left to right in the first row of TM elements led to
the change in energy of the d-states from within the conduction
band to deep within the valence band."*> Hence these dopants
will help to alter the bandgap and affect the optical and
electrical contrast of GST thin films.

TM elements like Ni, Cu, and Zn, whose bonding geometry
does not match with the metastable cubic structure, tend to
settle near voids and grain boundaries forming complexes. This
causes minimal distortion in the crystal structure and therefore
suppresses the fcc to hep phase transition.™?

On the other hand, elements on the right side of the T™M
series prefer to take non-octahedral geometry due to the
reduction of the atomic size with increasing nuclear charge.
Hence moving across the period from left to right led to the
change in geometry from octahedral to tetrahedral coordina-
tion, as shown in Fig. 9."*?

One such study by Gao et al.*> on the thermal stability and
microstructure of Cu doped GST (Cu-GST) thin films revealed
that the doped system exhibits high thermal stability than the
undoped one. In Cu-GST thin films, Cu has the least electro-
negativity value among the other compositional elements (Ge,
Sb, and Te), so Cu was expected to enhance the crystallization
speed by reducing the binding energy among the host atoms.
Doping of Cu led to no separate segregated phase, but when the
hep phase becomes the dominant phase, then a new diffraction
peak at 24.57° was observed in the XRD pattern of Cu;z5(GST)ge 3.
This new peak signified the new bond formation of Cu-Te, but
due to its relatively weak intensity compared to other bonds, this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Structure and bonding in transition-metal (TM)-doped Ge,Sb;Tes. (a) Sc-, (b) V-, (c) Cr-, (d) Co-, (e) Ni-, (f) Cu-, and (g) Zn-doped GST in
amorphous (top) and crystalline (bottom) models. The green, red and blue balls represent Te, Sb, and Ge atoms, respectively. Adapted with permission

from ref. 132. ©2006 IOP.

new bond formation induced no phase segregation. The switching
speed of these doped thin films was reported to get enhanced due
to the presence of sharp fiber texture when annealed at 370 °C.
This surface intensity was reported to improve along with
increasing Cu content in GST thin films. The thickness study
of Cu-GST thin films by X-ray reflectivity (XRR) technique
revealed that the thin film thickness contrast between the stable
phases decreases considerably with increasing doping concen-
tration, strengthening their cyclic endurance. It was reported
that the T, in Cu-GST had shifted to a higher value, and its
amorphous phase was stabilized. Therefore, the Cu dopant acted
as a thermal stabilizer for the amorphous phase. A study through
X-ray photoelectron spectroscopy (XPS) showed that the binding
energy of Cu increased as the doping concentration was
increased. It was reported that there is an increment in Sb-Te
bond dissociation and Cu-Te bond formation along with pro-
motion in the Ge-Te bond which resulted in the enhanced
thermal stability of Cu-GST.

Wang et al.>® investigated the structural, thermal, optical,
and electrical properties of Zn doped GST (Zn-GST) thin films
deposited by magnetron co-sputtering. The researchers were
interested in Zn doping because it exhibits a weak bonding
strength with Te and hence can lead to the fast crystallization
speed for phase transition. The reported study concluded that
with a gradual increase in Zn doping concentration, the crystal-
lization temperature significantly shifted to a higher value,
providing high thermal stability to the amorphous phase.
Doping of high Zn concentration placed a restriction on fcc-
to-hcp phase transition as the Sb-Te bond which is mainly
responsible for phase transition from fcc to hcp phase got
replaced by Zn-Te and Zn-Sb bonds, leading to a one-step

© 2023 The Author(s). Published by the Royal Society of Chemistry

crystallization between amorphous and fcc phases.’® Wei
et al.*® worked on Ti-doped GST thin films because the Ti
element is generally used in phase-change random access
memory (PCRAM) cells as an adhesion layer, so this could
affect the storage performance straight away. Thin films of
Ti-doped GST were deposited by the DC co-sputtering method
at a working pressure of 8 x 10~° mbar at room temperature.
They observed that with an increase in the Ti doping concen-
tration, the value of T, increased, signifying the delay in phase
transition upon incorporating Ti into GST thin films. With a
further increase in Ti doping concentration, the dormancy in the
change in reflectivity of thin films indicated the contribution of
Ti in restraining the phase transition from fcc to hep phase.
Thus, the metastable fcc phase exhibited high thermal stability
owing to the Ti dopant addition. A study of the XRD results
revealed that the crystallization state had remained almost
identical for Ti-doped GST thin films with a Ti concentration
of 1.23% when annealed at 260 °C and 400 °C. The XPS study
concluded the existence of the new bond between Ti and Te in
the Ti-GST film, which was the reason behind the restraint effect
in the fcc to hep phase transition.*®

From the reported literature, it is found that Ag also acted as
a potential dopant choice in GST composition. It increases the
reflectivity of GST thin films and possesses a high solubility in
chalcogenide semiconductors, so it helps to tune optical prop-
erties to a significant extent.>**° Singh et al.*® reported a phase
transition from amorphous to hcp phase at a much lower
temperature for silver doped GST (Ag-GST) as compared to
the undoped host and so suggested a reversible NIR window
at a lower temperature.'®>? It was demonstrated that for 5% of
Ag concentration in the host GST, the fcc phase dominates, but
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for 10% Ag content, the hcp phase dominates at 160 °C. This
indicated that Ag doping lowers the temperature for hcp phase
transformation. This finding was further supported by scanning
electron microscopy (SEM), which revealed that the Ag dopant
with a concentration of 10% possesses similar morphology for
both the annealing temperatures, i.e., at 160 °C and 260 °C. In
conclusion, these results indicated that the Ag dopant promotes
nucleation and growth of crystallites. Increased Ag doping
concentration in the host GST induced distortion in the lattice
and hence at a lower temperature, composition (Ge,Sb,Tes)oq-
Agyo has similar structural and optical properties to the hcp
phase of the undoped GST."®

Guo et al.** did a systematic study on the effect of tungsten
doping in the host GST (W-GST) thin films. Using the co-
sputtering method, they deposited the thin films on two different
types of substrates, Le., silica glass and silicon substrates. The
silica glass substrate was used to determine electrical properties
and for XRD studies, while the Si (100) glass substrate was used
for thermal conductivity measurements. Due to the similar atomic
radius of W (~210 pm) and Ge (~211 pm), these dopant atoms
may act as a substitutional impurity in the crystal lattice of the
host GST. Also, another possibility is that W can act as a p-type
dopant by serving as an acceptor to Ge atoms. With 4% of W
doping in GST thin films, a reduced resistivity contrast by one
order of magnitude was noted under set deposition conditions,
i.e., RF power on the GST target at 100 W and fine-tuning the DC
power on the tungsten target as well as placing different mesh
sizes. W-GST thin films remained in the fcc state up to 350 °C,
whereas undoped GST switched to the hep state beyond 300 °C, so
the doped composition provided a broader range of operation by
suppressing the hep phase. It is difficult to reverse a stable hcp
phase compared to the metastable fcc phase back to the amor-
phous state due to the requirement of a high crystallization
temperature. Hence W-GST thin films have the potential to lower
the power consumption by reducing the writing current.

6.1.1 Effect of p-block element dopants. The crystallization
kinetics of GST materials is greatly affected due to the addition
of p-block elements. Doping with p-block elements increases
the thermal stability of the amorphous phase due to a rise in its
crystallization temperature. Elements such as In and Sb, when
doped into GST thin films, increase the incubation time for
crystallization of GST. This, in turn, strengthens the thermal
stability of the amorphous phase and stabilizes data endurance.

Doping of small-sized post-transition elements, such as Al,
in GST thin films exhibited no noticeable trend in 7, with
different Al doping concentration. Along with the increase in Al
doping concentration, a non-uniform trend was observed for
the value of T, initially, it decreased, then increased and then
again decreased. This sporadic trend implied that Al at first
acted as a network modifier and then as a network maker in the
Al-doped GST (Al-GST) lattice network, ie., following a similar
trend as in the case of Ag-doped GST thin films. Al-doping
restrained the formation of crystalline grains and exhibited no
hep phase up to a temperature of 400 °C. Hence, Al-GST
exhibited one-step crystallization between amorphous and fcc
phases.”>”® According to Wang et al.,”® doping of indium in
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Ge2Sb,Te5 thin films slowed down the incubation time by
150 ns when compared to undoped ones. These doped thin
films have a thickness of 70-120 nm and were heated up to a
temperature of 250 °C, with a heating rate of 2.5 °C min™". As
observed from the power time effect (PTE) diagram, there was a
sharp boundary between the two regions. The position of this
boundary with respect to the time axis is called incubation
time. The delay in the incubation speed was speculated due to
the segregation of In,Te; in the metastable (fcc) phase of GST
thin films.”®””

The suppression of the hcp phase was also observed for
nitrogen-doped GST (N-GST) thin films. The doping increased
the crystallization temperature and further phase transformation
temperature for fcc to hep phase transition. Nitrogen doping
prompted the formation of Ge-N bonds, which suppressed the
grain growth in the nitrogen-doped system. Probing through the
AFM images of various N-GST thin films revealed that with lower
doping concentration, the surface roughness of thin films
decreases. But a further increase in N doping also resulted in
the emergence of small hillocks. These hillocks were reported due
to the presence of nitrides at the grain boundaries, so they
resulted in surface roughness as a whole.®"*>

Researchers also showed interest in studying the arsenic
doped GST system due to its good glass formation ability. Also,
the chemical reactivity and valence electronic configuration of
arsenic are similar to Sb. So, arsenic atoms are expected to
substitute the Sb atoms, but the similarity of its atomic radius
and atomic mass with Ge makes it probable to substitute Ge
sites also. Therefore, arsenic was considered as a potential
choice to influence different properties of GST based on its
variable site occupancy in the host matrix. The atoms of arsenic
can either occupy vacancies and interstitial sites or substitute
the lattice sites of constituent atoms. Motivated by this, various
researchers showed interest in studying arsenic-doped GST thin
films. Madhavan et al.>° published their work on arsenic doped
GST thin films and revealed that arsenic doping enhanced the
thermal stability of GST because of the requirement of higher
annealing temperature for phase transition than the undoped
one (150 °C). It was concluded that the proportional insertion
of arsenic atoms in the host GST composition led to the
enhancement of tetrahedral character. In contrast, substituting
Sb atoms with arsenic atoms decreased the tetrahedral character of
the network. The significant resistivity contrast of arsenic-doped
GST thin films in the crystalline and amorphous phase improved
the data retention ability and reduced the writing current.>

On the other hand, doping of Sb into GST resulted in
suppression of the fcc phase. By altering the coordination
number, it led to one-step crystallization between the amor-
phous and hcp phase. On the other hand, excess of Sb added
into GST had changed the stoichiometric composition to
Ge,5Sb,;Tesg with a reduction in Ty, by 70 °C, which will tackle
the issue of high power consumption by GST thin films. Sb-GST
had changed the crystallization mechanism from nucleation
driven (an initial process of formation of the crystal from a new
site) to controlled grain growth (a process of extension of the
size of a pre-existing crystal structure).®*®!
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The stability of the amorphous phase was noted to get
enhanced when dopants of the carbon family (C, Si, Ge, Sn,
and Pb) were added to the GST thin films. C doping in GST thin
films creates C-C covalent bonds in the network, which have a
high Ty, value. So this dopant shifts the Ge atom bonding from
p-type to sp® type bonding. Doping of C in GST thin films
increased the odd fold rings significantly, so slowing down the
nucleation and stabilizing the amorphous phase, leading to
better data retention ability of doped thin films.®® Doping
element Sn when added to GST (Sn-GST) thin films was
reported to increase the crystallization speed by rupturing
Ge-Te bonds and forming new Sn-Te bonds. The weaker
binding energy of Sn-Te was responsible for this enhanced
crystallization speed. Due to the large size of Sn atoms com-
pared to that of Ge atoms, rearrangement of atoms during
crystallization was impeded, resulting in a higher value of
T..*"® On the other hand, in simulation studies for Si-doped
GST thin films, it was observed that the Si dopant increased the
binding energy between the atoms by increasing the total
coordination number due to its comparable size to host con-
stituent atoms (Ge, Sb, Te). This increased coordination
between atoms slowed down the diffusion of atoms which in
turn retarded the crystallization process.?”*®

Doping of chalcogen elements (O, S, Se, Te) into GST thin
films were reported to stabilize the amorphous phase and
improve the overwrite cyclability of GST thin films. As oxides
like GeO,, Sb,03, and TeO, are generally predicted to have a
high T, value, so motivated by this, researchers doped O in
GST to suppress data flow during switching between distinct
phases and to enhance the data overwriting property.”* Record-
ing sensitivity got enhanced with an increase in oxygen content
in GST thin films with improved overwriting characteristics in
the blue wavelength region. Also, doping another chalcogen
element, ie., Se, into GST led to one-step crystallization
between the amorphous and hcp phase by suppressing the
metastable fcc phase. As both Te and Se elements belong to the
same group, Se doping into GST thin films promotes the -Te-
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Te- stacking by following either the -Te-Se- or —-Se-Se- stack-
ing pattern.”®’*”°

The effects of various doping elements on the crystallization
temperature and various properties of GST thin films are
summarized in Table 1.

7 Effect of dopants on electrical
properties

GST-based PCMs utilize a significant resistivity contrast between
their two stable phases. Usually, this contrast is depicted by
plotting resistivity vs temperature. Generally, the sheet resistance
of thin films is measured by a popular method known as the
four-point probe. Fig. 10 shows a plot of the resistivity contrast
of various compositions (GST, N-GST, GeSb, Sb, Te, and AIST) of
thin films with different annealing temperatures. Two distinct
transitions can be seen clearly in the plots for undoped GST. The
first transition corresponds to the amorphous-fec phase and the
second transition corresponds to the fcc-hep phase.

The properties like topological insulation, thermoelectric
properties, and interfacial phase change memory strongly
depend upon the growth parameters for film deposition.
As per the classical theory of crystallization, the deposition
rate, temperature, pressure and substrate affect the entropy and
enthalpy during the process of crystallization."** Resistivity
contrast of GST thin films strongly depends upon various
parameters such as film thickness, deposition methods, and
heating rate."*® Fig. 11 shows the trend of resistivity contrast of
GST thin films with different thicknesses over a wide range of
temperatures. It is evident from this figure that as the film
thickness increases, both the resistivity and 7. decrease. This
decrement may be due to an increase in the nucleation rate and
phase segregation since the composition content also increases
along with thickness.'*® In addition, as the heating rate
increases, T. also increases logarithmically, but activation

Table 1 The effect of various doping elements on various properties of GST

Doping Crystallization
S. no. elements temperature (7) Changes in properties
1 Undoped ~125-160 °C°7108109
2 Tungsten (W)  170-275 °C*? Stabilizes the fcc phase
3 Arsenic (As) 150-160 °C*° Increases T, and thermal stability
4 Copper (Cu) 192 °Cc*** Improves cyclic endurance as well as T, thermal stability enhances
5 Titanium (Ti)  230-251 °C*®*° T. increases along with thermal stability of the fcc phase
6 Selenium (Se) 200 °C*® Improves resistance contrast and one step crystallization between amorphous and hcp phases
7 Zinc (Zn) ~188-272 °C*° Enhances both T, and thermal stability of the amorphous phase
8 Tin (Sn) ~149 °C*00 Speeds up the crystallization process and increases T
9 Nitrogen (N) 180 °C*%7 Increases both E, and T, and suppresses grain growth

~180-224 °C*7°
210 oC18,52,54,55

10 Carbon (C)
11 Silver (Ag)

Stabilizes the amorphous phase, slows down the nucleation rate by promoting covalent bonding
Reduces temperature for transformation from fcc to hep phase and promotes nucleation
Suppresses fcc to hep phase transformation and strengthens thermal stability

Minimized resistivity contrast between amorphous and crystalline phase

Reduces writing current, enhances recording stability and T, increases
Induces one step crystallization between amorphous and hcp phase and strengthens thermal

12 Aluminium (Al) ~177-220 °C”
13 Nickel (Ni) ~180-217 °C'*!
14 Oxygen (O) ~164 °CO®7*73 T. increases, grain size decreases and E, increases
15 Silicon (i) ~160-275 °C*>™%°
16 Antimony (Sb)  ~200 °C*!
stability
17 Indium (In) ~169-256 °C”7 Enhances T, and thermal stability

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Different deposition methods also lead to variation in resistivity
contrast, and along with this, film deposition with a particular
technique but with distinct pressure conditions might also
exhibit distinct resistivity contrast. Apart from that, various
doping elements such as N, O, Si, W, Zn, As, Ni, etc. have been
doped in GST, which exhibited a considerable effect on its
electrical properties to address critical technological issues like
high writing current in GST based devices. Oxygen- and
nitrogen-doped GST thin films have been reported to possess
a wide mobility gap and increased activation energy compared
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Fig. 11 Resistivity contrast along with various thicknesses of GST thin
films for a wide range of T.. Adapted with permission from ref. 143. ©2010
American Institute of Physics.
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with undoped ones. This, in turn, has reduced the conductivity
of O-doped GST samples. Due to the covalent nature of oxides,
segregation occurred at the grain boundaries, resulting in the
higher value of T, and enhanced cyclability. Similarly, nitrogen
doping induced a higher value of dynamic resistance in GST
thin films, the effect of which was observed in reduced writing
current. As the nitrogen atoms tend to segregate at the grain
boundaries, a consequent suppression in heat diffusion is
reported, resulting in more efficient power delivery.®® Kim
et al.® studied the electrical switching characteristics of
N-GST thin films fabricated using the sputtering method with
TiN as the top and bottom electrodes. Their results supported
the trend of enhanced dynamic resistance with an increase
in N doping concentration in the host GST composition.®* An
increment in the sheet resistance of crystalline N-GST thin
films was observed up to 12 sccm gas flow rate of nitrogen,
after which the sheet resistance dropped due to the formation
of large grain size in doped GST thin films. It was further
concluded that nitrogen doping reduces reset power consump-
tion and makes power delivery more worthwhile.®*

It has been found that arsenic doping in GST thin films
leads to a high resistance value for crystallized thin films. This
increase is expected because arsenic atoms act as scattering
centres at grain boundaries, so the associated phase formation
causes a structural change. As a result, the resistance increased
for both deposited and annealed arsenic doped GST thin films.
Hence this more prominent resistivity contrast in doped GST
thin films improves the data retention capability and thus
reduces the writing current.'*®

For Si-GST, it was found that no hcp phase was there for
11.8 at% of Si at a temperature of 460 °C. Since Si has an ionic
radius comparable to that of Ge, Sb, and Te, there are chances
of it replacing either host atoms or occupying the vacancy sites at
cationic sublattices. Such possibilities are speculated to resist
atomic diffusivity; therefore, suppression of the hcp phase indicates
that the thermal stability of the fcc phase improved profoundly,
boosting the recording stability. Moreover, the properties like
threshold voltage Vi, resistivity, and dynamic resistance got
improved with an increase in Si doping concentration. Along
with that, an appreciable enhancement in recording stability is
observed upon Si doping in GST, as it increased the T, with a
consequent decrease in Ty,, which resulted in reduced power
consumption.®> Due to the tetravalent character of Si atoms, it
increases the ratio of covalent bonds, thereby widening the
mobility gap. This widening in the mobility gap led to the
increment in activation energy for electrical conduction. From
the study of I-V characteristics, the writing current was also
observed to get reduced with Si doping. This reduction was
noted to be due to a decrease in the free carrier concentration
and a widening of the mobility gap.®®

From the reviewed literature, we have come to know that
there is no other dopant except for Ni which can reduce the
resistivity of the amorphous phase of GST thin films.>” So, only
Ni holds the potential to minimize the resistivity contrast,
leading to the fabrication of devices with high electrical switching
speeds. Guo et al.>’ reported that Ni doping had only affected the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrical properties by reducing the resistance contrast by three
orders of magnitude. This reduction in resistivity is due to the
generation of additional acceptor sites in the GST crystal lattice by
Ni atoms which may act as an acceptor for Ge atoms. As Ni has an
atomic radius comparable to that of Te, it is reported that it may
act as a substitutional impurity in the Te sublattice of GST. In
contrast, optical and structural properties remain unchanged for
Ni-GST thin films when compared with undoped GST. Therefore,
Ni-GST thin films open up a new window for designing new
optical elements with possible electrical reconfiguration and high
speed in the NIR range.”” Wang et al.>® reported that upon Zn
doping in GST (Zn-GST), both T, and the resistance of Zn-GST thin
films increase with increasing Zn doping concentration. These
doped films exhibited a large signal-to-noise ratio due to the high
value of the amorphous/crystalline resistance ratio. Also, with an
increase in Zn doping concentration up to 19.78 at%, the power
delivery required for RESET operation gets lowered as the resis-
tance of the crystalline phase was found to increase. It was
revealed that Zn-GST thin films with high dopant concentration
led to faster crystallization speed than undoped ones. This is
proposed due to enhancement in both the growth and nucleation
process. The data retention capability of these doped thin films
was reported to remain stable for at least ten years.”® Another
challenging aspect for GST to electrically switch from one state to
another is the high contact resistance between the metal electrode
and GST. So, to address this issue, Guo et al.*> doped 4% W into
GST and found that contact resistance difference got reduced by
four orders of magnitude for doped thin films, as measured by the
transfer length method.*?

8 Effect of dopants on optical
properties

Extensive research has been carried out to improve the optical
properties of GST. To accomplish this, various research groups
across the globe are still working in parallel to explore the effect
of different dopants on the optical properties of GST thin films.
It was found that dopants belonging to the TM series have
emerged as a class of potential dopants which are competent in
improving the optical contrast of GST thin films by a significant
margin. However, some TM atoms like Mn and Cr, when added
into GST, are observed to reduce the optical contrast as they
induce a change in the structural arrangement of the host
lattice. If TM elements integrate entirely into the crystalline
structure of host GST, then metavalent p-bonding improves the
optical contrast."®*'*” But if the dopant atoms do not fit into
the host crystalline structure, it will induce distortion in the
host lattice and thus reduces the optical contrast.

In Fig. 12, it can clearly be seen that the optical contrast
changes when various TM elements are doped into the host
GST lattice.”®* Also, a remarkable change was noticed in an
extended wavelength range for W-GST thin films due to the high
refractive index and the low extinction coefficient value com-
pared to the undoped thin films. For annealing temperature
above 350 °C, a minimal optical loss was observed, which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Optical contrast in transition-metal (TM)-doped GST. Adapted
with permission from ref. 132. ©2006 IOP.

ultimately leads to its application in optical phase modulators
above the wavelength of ~ 2 um.** Also, In-GST thin films were
reported to strengthen the optical properties by enhancing the
optical contrast between two stable phases. Hence, these thin
films find their application in optical devices for shorter wave-
length regions, i.e., from 400 to 1000 nm. Thus, for these doped
thin films, tuning of the optical bandgap is proposed by virtue of
the significant change in the density of the two phases.”®
Ebina et al.” in 1999 worked on maintaining the stable
overwrite cycles for GST, for which they developed a recording
layer of O-GST. They opted for oxygen doping in GST due to the
high value of T, for oxides, which was expected to suppress the
data flow during overwrite time. The designed optical disk from
O-GST was compatible with laser irradiation of 780 nm
wavelength.”* The Zn doped GST thin films were also noticed
to decrease the optical band gap, which resulted from a decrease
in activation energy and hence enhanced the conductivity.”®
Another doped GST composition, as studied by Singh et al,'®
reported that Ag doping up to 3% led to an appreciable increase
in the optical transmission for the amorphous phase. But after
the phase transition, a reduction was reported in transmission
due to the presence of resonant p states in the hep phase.'®!
Vinod et al.®® doped Se into GST and reported a net increase
in the optical band gap (E,p¢) of Se-GST thin films. The bond
energy approach revealed that Ge-Se bonds were more favoured
than any other bonds in the structure due to their pronounced
electronegativity difference. These Ge-Se bonds have the
potential for good glass formation, so doped thin films remained
in the amorphous phase up to a particularly high temperature.
Also, due to the increased bonding energy of Ge-Se bonds, the
overall bond energy of the system got increased and resulted in
higher T.°® Hence, in a nutshell, Se doping enhanced the
electronegativity and cohesive power of GST thin films, which
in turn had increased the optical band gap of Se-GST thin films.
Bai et al.®® studied Sn-GST thin films and observed a fast
switching behaviour in two stable phases as compared to the
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Table 2 Tuning of the optical band gap upon doping in GST thin films

Optical band gap (in E,)

GST compositions Amorphous Crystalline

Undoped (0.69-0.75)>1%9 (0.39-0.54)%>1%°
Bi (3%) 0.51"° 0.28"%°

N (10%) 1.88%" 1.37%

In (5%) 0.487% 0.487%

0 (0.5 sccm) 1.05"* 0.43"31

As (15%) 0.76° 0.70°°

Zn (15.16%) 0.78°° 0.43%°

Ag (3%) 0.7318:1%2 —

undoped one. Regarding optical properties, the authors have
reported an improved optical contrast with the addition of the
Sn element, as doping altered the texture formation from
cylindrical to basal texture in the hcp phase.®®'*® However,
Kissinger’s plot for this doped system depicted that both T, and
crystallization activation energy got reduced with doping of Sn,
which caused ultrafast crystallization but at the cost of low
thermal stability of the amorphous phase. This reduction in
activation energy was due to the emergence of weak Sn-Te
bonds having a binding energy of 359.8 k] mol " as compared
to that of the binding energy of Ge-Te, i.e., 456 k] mol '.**%°
The above discussion on the optical properties upon incorporating
various dopants in the GST host is summarized in Table 2.

9 Irradiation effects on Ge,Sb,Tes thin
films

The discussion of several properties of GST emphasizes the role
of structure and defects in determining these properties. Most
of the methods discussed are equilibrium methods. Also, some
non-equilibrium methods exist that can help to stabilize GST
and other materials in novel/metastable phases. One such non-
equilibrium method is thin film deposition, which is widely
used. Another non-equilibrium method is irradiation of materials
with low and high-energy ions.'>* Low energy ions, with energy in
the range of ~keV, are now routinely used in the semiconductor
industry. Such low- and high-energy (~MeV) ions provide a
unique opportunity to synthesize novel materials and modify
their properties.

When an energetic ion falls on a material, the energy it loses
is broadly divided into two categories:'>*

1. Nuclear energy loss, Sy, and

2. Electronic energy loss, Se.

Here S, and S, represent the energy losses per unit length
for the two cases. Nuclear energy loss is basically the energy lost
via collisions (like billiard balls) in which momentum and
energy conservation principles are applied. In the electronic
energy loss, the energy of the incoming ion is first transferred
to the electrons in the materials and then finally to the lattice.
In the latter case, the energy transfer mechanism occurs by
following the two most used models: the Coulomb explosion
model and the thermal spike model.'>® The observed changes
in GST and other materials using ion beams are due to the
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introduction of the controlled defects in materials. The number
and nature of the defects in materials can be controlled using
ion irradiation by controlling various parameters such as
energy, ion fluence, ion fluence rate, and ion type.

9.1 Low-energy irradiation

The structure and the properties of GST can be modified using
low energy irradiation, where the energy of the incident ions is
of the order of a few hundreds of keV. For example, the
crystalline nature, stability and crystallization kinetics of GST
thin films can be improved by irradiating these thin films with
120 keV Sb” ions as noted by Bastiani et al.****** The crystal-
lization time reduces significantly caused by the collision
cascades induced in GST. Rimini et al.'® showed that the
fraction of the crystalline phase in GST can be tuned by
irradiating the GST films with 120 keV Sb* ions.'*® In addition,
these ions can be used to modify the grain distribution in the
material. Similar work by Lee et al'’ revealed that this
technique could be used to modify the thermal stability and
crystallization dynamics in GST thin films using 40 keV Si
ions.'®” These ions can modify the activation energy and the
resistivity of these thin films by controlling the fluence rate of
irradiation. Irradiation with 150 keV Ar' ions can be used to
modify the structural and electrical properties of the GST thin
films as shown by Privitera et al. "°®'>® These ions lead to the
interesting metal-insulator transitions in these materials by
tuning the bonding and the van der Waals gap.

9.2 High-energy irradiation

In the MeV range, the effect of swift heavy ions (SHI) on the
structural, optical and electrical properties of GST has been
studied by Kanda et al*>'®° They studied the effect of
120 MeV Ag”* and 80 MeV Si®" ions on the structural, optical
and electronic properties of pure and Ag-doped GST. They
observed crystallization in pure GST films with Ag-ion irradia-
tion. Interestingly, no such crystallization was observed for
Ag-doped films. Hence, it will be possible to tune the bandgap
and the crystallization kinetics using Ag-ion irradiation.>® The
study involving 80 MeV Si-ions*> showed not much effect on the
structural properties of pure and Ag-doped GST. A comparison
of these results showed that the two energy losses, S. and S,
play an important role in determining the effects of SHI on the
properties of pure and Ag-doped GST. GST was found to be
extremely radiation-tolerant, implying its suitability for space
and other radiation-rich environments. These studies on the
effects of low- and high-energy ions on the properties of pure
and doped GST open up new avenues to be explored further in
tailoring the properties of GST thin films using novel methods.
Further study in this direction is required where a deeper
understanding of the effects of the various irradiation para-
meters on the properties of pure and doped GST, or other
chalcogenides, can be investigated. This technique has great
potential, is already widely used in the semiconductor industry
and can offer unique opportunities.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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10 Applications of Ge,Sb,Tes thin films
with various dopants

In the past few decades, researchers have successfully revealed
the application potential of PCMs in various fields. These
materials find their best use in memory devices due to their
proficiency in synchronously utilizing the features of non-
volatility and low power consumption. Due to the continuous
improvement in material fabrication and engineering, PCMs,
particularly chalcogenide-based thin films, have become the
first choice of researchers for non-volatile memory devices.
Recently introduced Intel Optane DC chips based on PCRAM
technology already surpass SSD.>* Although, to this date, flash
memories are the most successful memory technologies, the
ability of PCMs to exhibit rapid and reversible switching between
two stable states may lead to their future dominance over
existing flash memories.® Further developments in PCRAM open
up new horizons for future applications. Cost-effectiveness and
scalability are the two main factors that decide the market
sustainability of data storage devices.

GST is a widely explored composition for phase change
memories due to its superior blended properties, ie., good
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thermal stability and fast processing speed. But this stoichio-
metric composition needs to be tailored to make it ideal as per
the demand of the modern data storage industry. One way to
tackle this challenge is accomplished by doping the host
GST composition. Fig. 13 summarizes the generalized trend
followed by various dopants belonging to a specific group from
the periodic table to modify the properties of undoped GST thin
films. This will further help in choosing a specific dopant as per
the specific application requirements. GST’s future applications
include programmable wires, cognitive computers, neuromorphic
photonic computing, etc.® GST-based PCMs work effectively in
mid and far-infrared wavelength regions due to their striking
optical contrast between two stable phases, thus making them
suitable as sensors and for managing thermal radiation."®" In
Fig. 14, some application domains of GST thin films have been
highlighted.

10.1 Applications in optical devices

At present, various compositions of the GeSbTe alloy with
different dopants are efficiently meeting the multiple needs of
the technological world. Since 1990, this GeSbTe composition
has been used mainly as rewritable optical devices. Ge,Sb,Tes

Transition Metals I

| P-Block Elements I

Fig. 13 A schematic representation of the periodic table showing a general trend followed by doping elements belonging to a particular class in

affecting GST properties.
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Fig. 14 Various applications of doped Ge,Sb,Tes thin films.

based phase change memory devices are used immensely due to
their unique properties compared to the conventional data
storage devices.”® They are widely used as optical disks and
can be fabricated as per the application requirement due to their
tunable electrical and optical properties."®* GST alloy-based thin
films are immensely employed in the triple Blu-ray disks because
they have all the properties of recording layers even in the
nanometer range of thickness. Further, the lamination method
(fabricating the material in multiple layers) will increase the
probability of recording density.'>® Additionally, the addition of
dopants into GST enhances and strengthens its properties."®®
Here we will discuss some of the applications of the doped GST
alloy as reported by various researchers.

10.1.1 Optical rewritable memories. GST thin films are
extensively used in memory devices due to the potential of
stable reversible switching between phases. Also, the process of
storing data in GST thin films is straightforward. That is, the
write operation is achieved by making amorphous marks using
a short and intense laser pulse over the crystalline thin film. On
the other hand, the read operation for amorphous marks is
performed by applying a low-intensity laser beam which will
not induce any phase change. This amorphous mark is a
recorded bit of data over the crystalline background, and to
erase the recorded information, a long and moderately intense
laser beam is used.’® Various p-block elements such as O, Si,
and Sn are reported to enhance the suitability of GST thin films
for optical storage devices. O-GST thin films were noted to improve
the overwriting characteristics in the blue wavelength region.

764 | Mater Adv, 2023, 4, 747-768

For optical devices, applicable oxygen content in GST is permis-
sible up to 3.8 at%, accompanied by a decrease in T, and an
increase in T..””> GST with 20% Si concentration offered a low
threshold voltage value and reduced RESET current, making it
suitable for application in optical storage devices. All these
results were reported by analyzing various parameters like
complex dielectric function, absorption, reflectivity, and con-
ductivity. Also, the Si dopant provides a stable switching
between two phases as investigated through ab initio calculations
performed by Yang et al® Reported studies revealed that
although Sn doping in GST thin films delayed the crystallization
process since it leads to a high 7. value as compared to the
undoped one, their fast response time to laser light makes them a
preferable choice in high data transfer recording devices. This
feature of Sn-GST thin films makes them competent enough to be
used as a mark layer material in blu-ray aperture-type superRENS
disk. Moreover, it deals effectively with issues like poor signal
intensity and thermal stability.*"

10.1.2 Reversible NIR window. GST thin films doped with
10% Ag doping concentration find their applicability as a
reversible NIR window at a much lower temperature than the
undoped host GST system. These doped thin films hold the
impressive ability of low optical attenuation, extensive refrac-
tive index, stability towards the atmosphere, and limited visible
transparency.'®°%16

10.1.3 Spatial light modulators. Optical computers have
the potential feature of processing the data at the speed of light
and are limited by input and output transducers of the system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The transducers capable of performing such operations are
known as spatial light modulators.’®® Reported studies for
Ni-GST thin films manifested that Ni doping affected only the
electrical properties by reducing resistivity contrast and preser-
ving all other properties comparable to undoped GST, so these
films find their application in switchable on-chip spatial light
modulators.

10.2 Application to switching devices

A high value of RESET current is seen to limit the practical
application of GST in switching devices. The researchers
reported that doping of GST thin films with elements such as
Si, O, N, Ni, W, Zn and As significantly improved their switching
performance. Si doping in GST comes with the enhanced feature
of recording stability as Si has an ionic radius comparable to
that of the host constituent atom Ge, so it resists the atomic
diffusivity. These doped thin films were less power-consuming
for data writing, which helped to tackle the low-efficiency issue
in GST thin films. Similarly, oxygen doping was found to affect
the electrical and optical properties of GST thin films in a
significant way. As studied by Privitera et al.,*® O-GST thin films
led to phase segregation due to oxide formation, which led to an
increased T, and consequent stabilization of the amorphous
phase. This enhanced thermal stability of the amorphous phase
ultimately strengthened the cyclability of doped GST thin films.
On the other hand, Ni doping was perceived to alter the proper-
ties of GST thin films by just affecting the electrical properties as
it lowered the magnitude of resistance contrast between the
amorphous and crystalline phase. Therefore, Ni-GST thin films
open up a new window for designing switching devices.

10.3 Applications to memory devices

N-GST thin films were found to be suitable for multilevel data
storage by stabilizing the fcc phase and suppressing the high-
temperature hcp phase. The formation of Ge-N bonds was
found to increase the phase transition temperature for fcc to
hep phase transition.'®® Similar to N-GST thin films, Ni-GST
thin films enhance the thermal stability and hence provide
good data retention ability for at least ten years. Cu doping in
GST thin films showed a reduced power consumption with an
increased data retention ability. As reported by various
researchers, Cu-GST thin films exhibit high cyclability due to
the lowered T, value compared to undoped ones. On the other
hand, Zn doping improves the performance of PCRAM devices
as it hinders the interaction between read and write operations.

11 Conclusion

In conclusion, among various existing phase change materials
(PCMs), chalcogenide-based compositions lying on the pseudo-
binary tie line of GeTe-Sb,Te; are considered as superior from
the application perspective in the modern technological world.
These various compositions hold the potential to fulfill different
requirements in multiple application domains. But they are
widely used in the data storage industry as phase-change

© 2023 The Author(s). Published by the Royal Society of Chemistry
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random access memory (PCRAM) devices. Notably, the composi-
tion Ge,Sb,Tes (GST) has better qualities than other existing
memory devices due to its unique reversible switching between
the two stable phases. GST, as compared to its other counter-
parts, is being considered as the future of ideal data storage
devices due to its perfectly blending ability of crystallization
speed and thermal stability. Doping of various elements is
practiced in the GST host matrix to achieve better thermal
stability, fast processing speed, low scalability, high cyclability,
good data retention and low power consumption altogether. This
review paper highlighted the effect of various dopants on the
different properties of GST thin films. In addition to the effect of
dopants, a brief discussion on the effect of low- and high-energy
irradiation in tailoring various properties of GST films was also
covered. The presented article provided an outlook on the future
applications of GST in both electrical and optical domains.
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